Sensory-motor circuits in the spinal cord are constructed with a fine specificity that coordinates motor behavior, but the mechanisms that direct sensory connections with their motor neuron partners remain unclear. The dorsoventral settling position of motor pools in the spinal cord is known to match the distal-to-proximal position of their muscle targets in the limb, but the significance of invariant motor neuron positioning is unknown. An analysis of sensory-motor connectivity patterns in FoxP1 mutant mice, where motor neuron position has been scrambled, shows that the final pattern of sensorymotor connections is initiated by the projection of sensory axons to discrete dorsoventral domains of the spinal cord without regard for motor neuron subtype or, indeed, the presence of motor neurons. By implication, the clustering and dorsoventral settling position of motor neuron pools serve as a determinant of the pattern of sensory input specificity and thus motor coordination.
INTRODUCTION
The formation of synaptic connections is a defining moment in the assembly of neural circuits, providing a structural foundation for network activities that govern the subtleties of animal behavior. The intricate patterns of connectivity that characterize circuits in the mammalian central nervous system (CNS) depend on the diversification of neurons into distinct classes (Stevens, 1998) , but the strategies and mechanisms used to translate neuronal subtype identity into selective connectivity remain unclear. Neuronal surface labels that serve as recognition cues for incoming axons have been proposed to underlie many stereotypic patterns of connectivity (Maeder and Shen, 2011) . But neuronal subtype identity is revealed as much by distinctions in settling position as surface label (Leone et al., 2008) , raising the possibility that neuronal location is a relevant determinant of connectivity.
The connections formed between proprioceptive sensory and motor neurons convey feedback signals that coordinate motor output (Hultborn, 2006) . The basic design of this circuit connects the axons of group Ia (muscle spindle) sensory neurons to the cell bodies and dendrites of spinal motor neurons and does so with an intricate specificity that is evident in the circuits that control hindlimb movement. The 50 or so muscle groups that endow the mammalian limb with its modular mechanics are each innervated by a dedicated set of motor neurons, a feature that demands high precision in neuromuscular connectivity (Landmesser, 1978) . An even more challenging task faces the sensory neurons that convey feedback from individual muscles: the necessity of forming strong connections with ''self'' motor neurons that innervate the same muscle, forming weaker connections with motor neurons that innervate muscles with synergistic functions, and avoiding ''nonself'' motor neurons that innervate muscles with irrelevant or opponent functions (Baldissera et al., 1981; Nichols, 1994) . The wiring of this connectivity matrix is conserved in limbed vertebrates (Hongo et al., 1984; Mendelson and Frank, 1991) and presumably reflects the critical contribution of sensory feedback pathways to the coordination of movement (Hasan and Stuart, 1988) .
The axons of proprioceptive sensory neurons connect with motor neurons late in embryogenesis, days after their peripheral processes have reached limb muscles (Kudo and Yamada 1987; Mears and Frank, 1997 ). Yet the initial pattern of sensory-motor connectivity generally prefigures the wiring plan evident in the adult (Mears and Frank, 1997; Seebach and Ziskind-Conhaim, 1994) . Moreover, the basic pattern of sensory-motor connections is preserved when sensory feedback is silenced through muscle paralysis (Mendelson and Frank, 1991) . These observations have led to a view that the specificity of sensory-motor connectivity is hard-wired, and that recognition of motor neuron subtype character is a crucial element in the wiring of sensory connections (Ladle et al., 2007) . Neurons in different motor pools can be distinguished molecularly, by profiles of transcription factor and surface protein expression (Lin et al., 1998; Price et al., 2002; De Marco Garcia and Jessell, 2008; Livet et al., 2002) . But with the notable exception of the involvement of sema3e-plexinD1 signaling in the exclusion of sensory input to a single forelimb motor pool (Pecho-Vrieseling et al., 2009), there has been scant progress in defining the origins of selective sensory-motor connectivity.
The positioning of motor neuron cell bodies in the spinal cord has long been known to exhibit a spatial register with their limb muscle targets. Motor neurons that innervate an individual limb muscle are clustered into spatially coherent ''pools'' that occupy stereotypic locations within the spinal cord (Romanes, 1964; Vanderhorst and Holstege, 1997; McHanwell and Biscoe, 1981) . There is also a higher-order spatial plan in which motor pools that innervate limb muscles with related functions are themselves grouped together in minicolumns, here termed columels (Figure 1 and Figure S1 available online; Romanes 1941 Romanes , 1951 . Intriguingly, the three-dimensional organization of motor columels reflects the positions of muscle targets along the three main axes of limb organization (Figure 1 ). Most strikingly, the dorsoventral position of a motor columel and its resident pools displays a linear correlation with the distal-toproximal position of its synergistic target muscles (Figures 1B-1D and S1; Vanderhorst and Holstege, 1997; Burkholder and Nichols, 2004) . The axial registration of motor neuron and muscle position has implications for sensory topography. The peripheral and central endings of proprioceptive sensory neurons connect with muscle and motor neurons, respectively, and thus the position of sensory endings along the proximodistal axis of the limb predicts the dorsoventral location and identity of their target motor neurons.
This triangulation of motor, muscle, and sensory coordinates raises the question of whether motor neuron position has any part in the developmental logic that imposes the pattern of sensory-motor connectivity. The specification of motor neuron subtype identity and settling position is directed by a network of Hox transcription factors that assigns profiles of cadherin expression that regulate motor pool clustering Dasen and Jessell, 2009; Demireva et al., 2011) . Thus, inactivation of a motor neuron transcriptional cofactor for Hox proteins, FoxP1, blocks Hox output and strips embryonic motor neurons of their distinctive pool identities and cadherin profiles (Dasen et al., 2008; Rousso et al., 2008) . Although the cell bodies of these ''identity-stripped'' motor neurons are dispersed within the ventral spinal cord, their axons still project into the limb. But constitutive FoxP1 mutants die during embryonic development (Wang et al., 2004) , too early to assess the impact of motor neuron positional displacement on patterns of sensory-motor connectivity.
We have now generated mice in which FoxP1 is eliminated selectively from spinal motor neurons, and the viability of this conditional strain has permitted us to examine the contribution of motor neuron position to patterns of sensory-motor Vanderhorst and Holstege (1997) , muscle position from Burkholder and Nichols (2004) . (D) Columelar organization along the dorsoventral axis, after rostrocaudal compression into two dimensions. Columels are assigned to dorsoventral tiers that correspond to muscles at individual joints. The approximate positions of relevant motor pools within columelar groups are marked.
connectivity. Despite a profound scrambling of motor neuron position in these mutants, the emergent pattern of monosynaptic sensory-motor connectivity retains a clear dorsoventral positional order. These findings imply that the specificity of sensory-motor connections is achieved, in part, through the ability of sensory axons to project to discrete dorsoventral tiers within the spinal cord in a manner that is independent of motor neuron targets. Thus the settling pattern of motor pools and columels exerts a critical constraint on the final pattern of sensory input specificity.
RESULTS

Motor Behavioral Defects in FoxP1
MND Mice
To assess the contribution of motor neuron position to the assembly of sensory-motor connections, we set out to eliminate FoxP1 protein expression from motor neurons without affecting other sites of expression. To achieve this, we crossed an Olig2:: Cre line that targets recombinase expression to motor neuron progenitors (Dessaud et al., 2007) with mice carrying a floxed FoxP1 allele (Feng et al., 2010 ) ( Figure S2A ). Analysis of Olig2::
) mutant embryos revealed the absence of FoxP1 protein from spinal motor neurons (Figure S2B ), whereas protein expression was preserved in interneurons and non-neural tissues ( Figure S2B ; data not shown).
FoxP1
MND mice typically survived until at least postnatal day (P) 60. The molecular phenotype of motor neurons in embryonic day (E) 13.5 FoxP1 MND embryos mimicked that seen in constitutive FoxP1 mutants. Lumbar-level motor neurons retained general transcriptional character, assessed by expression of Isl1/2 (Figure S2B) . Expression of the lateral motor column (LMC) columnar marker retinaldehyde dehydrogenase-2 (RALDH2) was drastically reduced ( Figure S2B) Figure S2B ; data not shown) (Dasen et al., 2008) . Thus, inactivation of motor neuron FoxP1 eradicates molecular features of motor pool differentiation.
We observed a profound impairment in limb coordination during motor behaviors in adult FoxP1 MND mice (Movie S1). On a solid substrate, the fore-and hindlimbs of FoxP1 MND mice remained extended and were used as paddle-like appendages to propel animals in an undulatory manner (Movie S1). These motor behavioral defects did not resolve over time, indicating that FoxP1 MND mutants are unable to correct their maladaptive behavior through experience (Sperry, 1940 (Figures 2A and S2C) . Thus, the erosion of motor pool identity does not perturb the pattern or stability of neuromuscular connections. We next performed an electromyographic (EMG) analysis of hindlimb muscle activity patterns in wild-type and FoxP1 MND mice during a swimming task (Zagoraiou et al., 2009 (Figure 2B ; data not shown). In wild-type mice, swimming episodes elicited ipsilateral limb TA and GS bursting in alternating phase, with ipsi-and contralateral limb TA muscles also exhibiting a clear alternation in burst activity ( Figure 2B ). In FoxP1 MND mice, ipsilateral limb TA and GS muscles exhibited shortduration burst activity, but the phase of muscle bursts was synchronous ( Figure 2B ). In contrast, burst activity in ipsi-and contralateral TA muscles remained in alternating phase (Figure 2B) , an indication of the preservation of commissural interneuronal connections that underlie left-right phasing (Kiehn, 2006) . The perturbation of EMG activation pattern in FoxP1 mutants implies a change in the intraspinal organization of motor neurons and/or their neural inputs.
Loss of Topographic Motor Mapping in FoxP1
We examined whether the loss of FoxP1 perturbs the clustering of motor neurons into pools. Our analysis focused on the IF, TA, and GL motor pools, which innervate dorsal muscles at different proximodistal positions, and the GS pool, which innervates a ventral muscle and serves as a cross LMC-divisional counterpart to antagonist TA motor neurons ( Figure 1D ). In P21 wild-type mice, injection of cholera toxin B (CTB) tracer into the IF, TA, GL, or GS muscles labeled clusters of ChAT + motor neurons at stereotypic dorsoventral and rostrocaudal positions ( Figure 2C ). The IF motor pool was located in an extreme dorsal (tier 1) position at L4-L6, the TA pool was located in a dorsal (tier 2) position at L3-L4, and the GL pool was located in an extreme ventral (tier 4) position at L3-L5 ( Figure 2C ). The GS pool was detected at the same dorsoventral position as the TA pool but was situated more medially and extended more caudally to L5 ( Figure 2C ). CTB injections targeted to the GS muscle spread to the adjacent biceps femoris (BF) and semitendinosus (ST) hamstring muscles, resulting in an 30% labeling incidence of BF and ST motor neurons (Figures 2C and S3) . Thus in young mice, as in adult cats, the more proximally placed a hindlimb muscle, the more ventrally positioned its cognate LMC motor pool.
In FoxP1 MND mice, the normal spatial pattern of motor pool and columelar groupings was no longer evident ( Figure 2D ). In addition, there was a systematic ventral shift in the settling position of ChAT + motor neurons, such that at caudal levels the dorsal-most tier 1 domain was devoid of motor neurons (Figure 2D) . The only exception to the ventral coherence of limbinnervating motor neurons in FoxP1 MND mutants was evident at L3 and rostral L4, where 25% of motor neurons settled in a more dorsal cluster (termed zone 1), segregated from their ventral (zone 2) neighbors ( Figure 2D ). In FoxP1 MND mutants, we found that the rostrocaudal distribution of CTBlabeled ChAT + motor neurons supplying individual muscles was similar to that in wild-type mice ( Figure 2D ). In contrast, the dorsoventral and mediolateral positioning of motor neurons was markedly disrupted. CTB-labeled GL* and TA* motor neurons were scattered within zones 1 and 2 (in FoxP1 MND mice, the designation MN* indicates that motor pool identity is assigned solely on the basis of muscle target) ( Figure 2D ; data not shown). Quantitative analysis of the scattering of TA* and GL* neurons revealed a distribution close to random ( Figure S4 ; data not shown). The absence of zone 1 from caudal segmental levels meant that virtually all IF* motor neurons were detected within zone 2, where they were scattered in random fashion (Figure 2D ). More rostrally, CTB-labeled GS* (and contaminating BF* and ST*) motor neurons were excluded from zone 1 and scattered within zone 2 ( Figures 2D and S4 ). Thus, zone 1 contains motor neurons that innervate dorsal muscle targets, whereas zone 2 contains a mix of motor neurons innervating dorsal or ventral muscles. The different zonal assignment of motor neurons in FoxP1 MND mice likely reflects the population of zone 1 by motor neurons that transiently express lateral LMC-divisional character and population of zone 2 by HMClike motor neurons. This nuance aside, these anatomical studies show that the loss of motor neuron FoxP1 expression degrades the topographic link between motor pool and muscle target. We next asked whether the density of sensory inputs onto motor neurons is altered in FoxP1 mutants. Sensory boutons were marked by vGluT1 expression and assigned synaptic status on the basis of presynaptic expression of bassoon and postsynaptic alignment of shank-1a plaques ( Figure 3A ) (Betley et al., 2009 ). The number of vGluT1 + sensory synaptic contacts on the cell body and proximal 75 mm of dendritic arbor of TA* and GS* motor neurons was similar in P18 wild-type and FoxP1 MND mice ( Figure 3B ). Moreover, the growth and (Figures S5A and S5B) . Thus, the erosion of subtype identity and mispositioning of motor neurons does not change the density of sensory inputs or early dendritic pattern.
An Anatomical Assay of Monosynaptic Sensory-Motor Specificity
We next explored the specificity of monosynaptic sensory inputs onto motor neurons supplying different limb muscles. To assess this, we devised an anatomical assay that exploits a distinction in sensory transganglionic transport of rhodamine dextran (Rh-Dex) and CTB ( Figures 3C and S6 ). Rh-Dex injected into individual hindlimb muscles is taken up by proprioceptive sensory axons but is not transported transganglionically, whereas CTB is transported into the central branch of the sensory axon and accumulates in vGluT1 + sensory bouton contacts with CTB-labeled motor neurons (Figure S6 ). So after Rh-Dex and CTB injection into different muscles in wild-type mice, comparison of the density of CTB-labeled vGluT1 + sensory bouton contacts with CTB-or Rh-Dex-labeled motor neurons at P21 provides an indication of the incidence of on-target self and off-target nonself sensory-motor connections. We excluded g-motor neurons from our analysis because this set of motor neurons lacks sensory input. g-motor neurons, identified by their small size, bipolar morphology, and expression of the transcription factor Err3 (Friese et al., 2009) , were detected at similar incidence in wild-type and FoxP1 MND mice (Figures S5C-S5F ).
We used this connectivity assay to monitor the specificity of self sensory-motor connections within the GL, TA, IF, and GS reflex arcs in wild-type mice. After CTB injection into individual muscles, we found that 85%-100% of the motor neurons within an individual pool received synaptic inputs from sensory afferents supplying the same muscle ( Figures 3D, 3F, 3H, and S7) . Typically, 30%-50% of the total population of vGluT1 + bouton contacts derived from self sensory afferents ( Figure 3H ). Incomplete CTB labeling of sensory boutons stems, in part, from the fact that 30% of all monosynaptic inputs to motor neurons derive from sensory afferents supplying synergistic muscles (Brown, 1981) . Thus transganglionic transport of CTB efficiently labels sensory boutons on self motor neurons. We used dual CTB/Rh-Dex labeling to examine the specificity of group Ia sensory connections with nonself motor neurons that occupy different dorsoventral tiers. After pairing GL CTB with TA or IF Rh-Dex injections in wild-type mice, we found that GL sensory boutons never contacted TA or IF motor neurons ( Figures 3E and 3I) . Conversely, pairing TA CTB and GL RhDex muscle injections revealed that none of the GL motor neurons were contacted by TA sensory boutons (Figures 3G  and 3I ; data not shown). These findings provide evidence that sensory afferents fail to form monosynaptic connections with motor pools that occupy different dorsoventral tiers. We also analyzed the selectivity with which sensory afferents supplying an individual muscle form connections with antagonist motor neurons that occupy the same dorsoventral tier position. After TA muscle CTB and GS muscle Rh-Dex injection, GS motor neurons were never contacted by TA sensory boutons ( Figure 3I ). Conversely, pairing GS muscle CTB and TA muscle Rh-Dex injection revealed that none of the TA motor neurons were contacted by GS (or BF and ST) sensory boutons ( Figure 3I ). Thus, sensory afferents fail to form connections with antagonist motor neurons within the same dorsoventral tier. The selectivity of connections revealed anatomically in mouse is in close agreement with physiological studies of patterns of monosynaptic connectivity.
Degraded Specificity of Sensory-Motor Connections in FoxP1
The fidelity of this connectivity assay permitted us to examine how the pattern of sensory-motor connections changes under conditions in which motor neuron position is disrupted. We focused first on the specificity of connections in the TA and GL reflex arcs, given the distinction in dorsoventral position of these two motor pools in wild-type mice. We first analyzed the impact of FoxP1 inactivation on the incidence of self sensorymotor connections. After TA muscle CTB injection, 56% of TA* motor neurons received TA sensory input, a one-third reduction compared to wild-type values ( Figures 4A and S7) . Of the total population of sensory boutons on homonymous TA* motor neurons, 33% derived from TA afferents, again a one-third reduction compared to values in wild-type mice ( Figures 4A  and S7 ). Conversely, after GL muscle CTB injection, we found that 45% of all GL* motor neurons received GL sensory input, an 2-fold reduction compared to wild-type values (Figures 4B and S7) . Of the total population of sensory bouton contacts on GL* motor neurons, 16% derived from GL afferents, again an 2-fold reduction compared to wild-type values ( Figures 4B  and S7 ). Thus the incidence of self sensory-motor connections in the TA and GL reflex arcs is reduced in FoxP1 MND mice. A reduction in sensory innervation of self motor neurons was observed for other reflex arcs examined ( Figure S7 ). We also examined the incidence of ectopic sensory-motor connections in the TA and GL reflex arcs in FoxP1 mutants. We found that 50% of GL* motor neurons now received TA sensory input, and that 30% of all sensory bouton contacts with GL* motor neurons derived from TA afferents-an illicit nonself input pattern ( Figures 4A and 4C) . Conversely, we found that 56% of TA* motor neurons received GL sensory input, and that 19% of all sensory bouton contacts with TA* motor neurons derived from GL afferents-again an ectopic, nonself connectivity pattern (Figures 4B and 4D) . Thus the exclusivity of sensory-motor connections normally observed in the TA and GL reflex arcs is eroded in FoxP1 MND mice, such that sensory afferents innervate self and nonself motor neurons at similar incidence.
A Dorsoventral Constraint on Sensory-Motor Connectivity in FoxP1 MND Mice
The marked reduction in the number of motor neurons in receipt of self sensory inputs in FoxP1 mutants led us to consider whether the dorsoventral position of a motor neuron might be a factor in determining its sensory innervation status. To assess this, we analyzed the position of innervated and uninnervated TA* and GL* motor neurons in FoxP1 MND mice ( Figure 4E ). We found that 96% of all TA* motor neurons in receipt of TA sensory bouton contacts occupied a dorsal (zone 1) position that coincided with the normal settling domain of wild-type TA motor neurons ( Figures 4F and 4G) . Similarly, 100% of GL* motor neurons in receipt of TA sensory bouton contacts were confined to this same zone 1 domain ( Figures 4F and 4G ). For these dorsal TA* and GL* neurons, 54% and 56%, respectively, of all sensory bouton contacts derived from TA afferents ( Figure S7 ). Thus in FoxP1 mutants, TA sensory afferents form preferential synaptic contacts with motor neurons found at a dorsoventral position that coincides with the location of wild-type TA motor neurons, regardless of muscle target. Analysis of the impact of position on motor neuron innervation status by GL sensory afferents revealed that 96% of all GL* motor neurons contacted by GL sensory boutons were confined to a ventral zone 2 domain that coincided with the position of wild-type GL motor neurons ( Figure 4G ). Similarly, 100% of TA* motor neurons that received GL sensory contacts were confined to this same ventral domain ( Figure 4G ). For this set of ventrally located GL* and TA* motor neurons, 30% and 28% of all bouton contacts derived from GL afferents (Figures 4G and S7) . Thus in FoxP1 mutants, sensory afferents supplying an individual muscle exhibit a striking preference for motor neurons occupying a dorsoventral position that coincides with the normal tier location of their self motor pool.
Sensory Targeting in the Absence of Motor Neurons
The ability of sensory afferents to target specific dorsoventral domains without regard for motor neuron subtype character raised the issue of whether sensory tier targeting also occurs in the absence of motor neurons. For this analysis, we focused on the trajectory of IF sensory afferents that normally project to a dorsal tier 1 domain that now lacks motor neurons ( Figures 5A  and 5C ). In FoxP1 MND mice, none of the ventrally displaced IF* motor neurons received input from IF sensory afferents, although they were contacted by GL sensory afferents, consistent with the preservation of their ventral projection domain ( Figures 5D-5G ). These observations led us to define in more detail the termination pattern of IF sensory afferents in FoxP1 mutants. In contrast to P21 wild-type mice, where sensory boutons were detected on See also Figure S7 .
the cell bodies and dendrites of IF motor neurons within and dorsomedial to the tier 1 domain ( Figures 5B and 5H ), labeled IF boutons in FoxP1 mutants were virtually absent from tier 1 and instead were concentrated in a more dorsomedial position, where they contacted interneurons ( Figures 5I and 5J ). Do IF sensory afferents initially project to tier 1 in FoxP1 mutants and only later retract from this motor neuron-free domain? Rh-Dex labeling of L5 dorsal roots was used to monitor the intraspinal trajectory of embryonic (E18) sensory afferents. Analysis of wild-type embryos revealed a prominent sensory afferent fascicle that projected laterally toward the cell bodies and dendrites of IF motor neurons within tier 1 ( Figure 5K ).
Even at this early stage very few labeled sensory axons were detected more ventrally ( Figure 5K ). In FoxP1 MND embryos, a similarly oriented sensory afferent fascicle reached tier 1, even though this dorsal domain was devoid of motor neurons ( Figure 5L ). These data provide evidence that sensory afferents project to their tier domain in the absence of target motor neurons, although the maintenance of sensory axon termination fields appears dependent on the presence of motor neurons.
Erosion of Antagonist Specificity in FoxP1 MND Mice
Finally, we examined whether the stringent exclusion of sensory connections with nonself antagonist motor neurons evident in wild-type mice is also eroded by the loss of FoxP1. After GS muscle CTB and TA muscle Rh-Dex injections in FoxP1 MND mice and analysis at P21, 54% of TA* motor neurons received GS (and presumably BF and ST) sensory input ( Figures 6A  and S7 ), a novel connectivity pattern that reflects a breakdown in the avoidance of sensory connections with antagonist motor neurons. In contrast, after TA muscle CTB and GS muscle Rh-Dex injections in FoxP1 MND mice, GS* (and BF* and ST*) motor neurons still failed to receive TA sensory input ( Figure 6B ). This finding reflects the fact that TA sensory afferents are restricted to a dorsal domain in FoxP1 MND mice and thus never invade the ventral domain that contains GS* motor neurons. Thus, the erosion of antagonist exclusion in FoxP1 mutants is constrained by the dorsoventral restriction in sensory projection pattern. Together, these findings indicate that motor neuron position is a key arbiter of the profiles of self and nonself sensory connectivity.
DISCUSSION
Sensory-motor reflex circuits are constructed with high specificity, but just how sensory axons sift through a diverse array of potential motor neuron targets to select their synaptic partners remains unclear. Our findings indicate that the numerical challenge posed by the matrix of sensory-motor connectivity is met by deconstructing the specificity problem into a series of modular programs. In the first of these, sensory afferents supplying individual limb muscles target discrete dorsoventral tiers without reliance on recognition of motor neuron subtype ( Figure 7B ). By implication, the dorsoventral settling position of motor neurons is a significant determinant of sensory input specificity. In many brain regions, neurons are clustered into stereotypic nuclear groups, raising the possibility that neuronal position contributes to circuit assembly in other regions of the mammalian CNS.
Sensory Tier Targeting Provides a Purpose for Motor Neuron Columelar Organization
The columelar organization of spinal motor neurons mirrors, with remarkable fidelity, the primary axes of limb construction (Romanes, 1951) . This topographic arrangement presumably reflects the demand that the spinal motor system tailor itself to fit an independently assigned and non-negotiable set of mechanical constraints on limb movement (Nichols, 1994) . But the merits of organizing motor neurons with this high degree of spatial order have remained obscure. Our findings on sensory tier targeting provide a partial explanation for the puzzle of motor neuron positionthey argue that the precise positioning of motor columels ensures that functionally related motor neurons are strategically placed to receive the coordinating influence of proprioceptive sensory feedback.
The existence of a target-independent step in the wiring of sensory-motor connections has precedent. In limbs deprived of muscle, motor nerve branching patterns are largely preserved, implying that target muscle itself contributes little to the selectivity of motor innervation (Lewis et al., 1981; Phelan and Hollyday, 1990) . Instead, neuromuscular connectivity patterns are imposed by limb mesenchymal signals that coordinate the pattern of muscle cleavage and the trajectory of motor axons (Landmesser, 1978; Kardon et al., 2003) , such that motor axons have little choice but to connect with the nascent muscle that awaits their arrival. In addition, analysis of primary sensory projection patterns in the ventral nerve cord of Drosophila have shown that dorsoventral and mediolateral sensory termination domains are set by target-independent signaling gradients-mediated by slits and semaphorins, respectively (Zlatic et al., 2009) . Thus, key steps in sensory-motor circuit assembly are accomplished without recognition of target cell subtype in vertebrates and invertebrates. The source and identity of motor neuron-independent cues that guide sensory axons to specific dorsoventral tiers in the spinal cord remain unclear. A ventral source of signals, perhaps semaphorins (Messersmith et al., 1995) , could repel or attract group Ia sensory afferents, with differential axonal responses underlying sensory targeting to different tiers. Alternatively, tier-specific radial glial signaling (Hochstim et al., 2008) could restrict sensory afferents to discrete dorsoventral domains.
More generally, our findings pose the question of the benefit of constructing spinal motor circuits through a mechanism that couples the precise positioning of neuronal cell bodies to the target independence of input projections. Spinal interneuron subtypes involved in patterning motor output also settle at distinct dorsoventral positions (Goulding, 2009) , and the differing tier projection domains of sensory afferents supplying limb muscles will likely constrain connectivity with interneurons as well as motor neurons. One virtue of relying on a connectivity logic based on position is that it permits sensory afferents to engage, coordinately, the many interneuron subtypes allocated to the firing of a single motor pool, without the molecular burden of allocating matching surface labels to each contributing neuronal type.
Columelar Coordinates for Connectivity: Caveats and Concerns
Tier targeting emphasizes the idea that motor neuron cell body position is a determinant of sensory connectivity patterns. Yet the majority of sensory inputs are located on the dendrites of mature motor neurons (Brown, 1981) , a finding seemingly at odds with the implied significance of somatic coordinates. Initially, however, sensory synapses are concentrated on perisomatic regions of mammalian motor neurons and only later are redistributed to dendritic locations (Gibson and Clowry, 1999; Ronnevi and Conradi, 1974) . Moreover, in rodents, embryonic sensory axons appear to ignore motor neuron dendrites that intersect their ventrally oriented path, elaborating terminal varicosities only in the vicinity of cell bodies (Snider et al., 1992) . Parallel physiological studies have detected monosynaptic sensory-motor connections only when proprioceptive axons reach motor neuron cell bodies (Kudo and Yamada, 1987) , supporting the idea that columelar coordinates constrain the pattern of sensory-motor connections.
Although most sensory afferents form synapses exclusively with motor pools that occupy a single dorsoventral tier, there are exceptions to this general rule-sensory afferents conveying information from hip and ankle muscles innervate motor neurons controlling knee muscles (Eccles et al., 1957; Hongo et al., 1984; Nichols et al., 2002) . Such instances of trans-tier connectivity could originate with differences in developmental timing-the dendrites of neurons in certain motor pools may have extended into adjacent tier territories prior to sensory axonal invasion, permitting input from afferents programmed to target these adjacent tiers.
Sensory Tier Targeting and Limb Positional Coordinates
Sensory tier targeting provides a rationale for arranging motor neurons into columelar groups but does not explain the higherorder register between relative columelar position and limb axial coordinates. This spatial link could have its basis in the developmental programming of proprioceptive sensory subtype character. In this view, the proximodistal position occupied by proprioceptive sensory endings would expose them to mesenchymal signals that confer the subtype identities needed to direct their intraspinal trajectory and dorsoventral termination domain. The peripheral endings of group Ia sensory axons are in place well before their central axons enter the ventral spinal cord, and thus limb-derived positional signals have ample time to impose subtype character on sensory neurons. Indeed, embryological studies in chick have provided some evidence that limb signals can direct selective sensory-motor connectivity (Wenner and Frank, 1995) .
Intriguingly, the topographic matching of motor neuron columelar groups and limb muscles may have a common molecular foundation. Motor neuron subtype identities that direct dorsoventral and mediolateral settling position are initiated by the early opponent actions of retinoid and fibroblast growth factor (FGF) signaling systems and interpreted by a combinatorial network of Hox genes and FoxP cofactors (Dasen and Jessell, 2009) We emphasize that the tier-targeting strategy uncovered through analysis of FoxP1 mutants provides only a partial solution to the sensory-motor connectivity problem. On arrival at a designated tier destination, group Ia sensory afferents avoid motor neurons that innervate antagonist muscles at the same joint and, in addition, establish weighted inputs to motor pools within a columel. The avoidance of antagonist motor neurons could involve recognition of a binary motor neuron divisional character, given that pools that control muscles with antagonist functions are typically segregated into columels occupying opponent medial and lateral divisions of the LMC. Alternatively, and akin to the situation in Drosophila (Zlatic et al., 2009 ), a motor neuronindependent program of mediolateral sensory targeting could underlie the avoidance of neurons in antagonist columels. Scrambling motor neuron position while maintaining transcriptional distinctions in divisional identity (see Demireva et al., 2011) could help to resolve these possibilities. It is also unclear how the variably weighted sensory connections with motor pools within a columel are established. Patterns of sensory-motor connectivity across the pools of an individual columelar group are altered after silencing sensory feedback (Mendelson and Frank, 1991) , raising the possibility that sensory weighting is achieved through activity-mediated refinement of connections.
Regardless of precise mechanism, our findings suggest that the complex sensory challenge of selecting the right motor pools as synaptic partners has been met by deconstructing this larger problem into a series of simpler cellular interactions, each of which presents sensory axons with a more limited set of choices. Dorsoventral sensory tier targeting arguably simplifies connection complexity by a factor of four, and the settling of motor neurons at different mediolateral and rostrocaudal positions may similarly reduce the complexity of sensory connectivity (Figure 7) . Which of these modular steps actually involves recognition of motor neuron subtype label is an intriguing question.
EXPERIMENTAL PROCEDURES Mouse Strains
Olig2::Cre (Dessaud et al., 2007) and conditional FoxP1 (Feng et al., 2010) strains have been described. Greater than 60 conditional mutant mice were analyzed in this study.
Immunohistochemistry
Immunohistochemical labeling was performed as described (Betley et al., 2009) , using FITC, Cy3, Cy5, or Alexa 488 reagents. Images were acquired on a Zeiss LSM-510 Meta confocal microscope. Primary antibodies and reagents are included in the Extended Experimental Procedures.
Plotting Holstege-Nichols Linearity
The dorsoventral positions of motor pools and columels were plotted as a function of the proximodistal positions of hindlimb muscles. The epicenter of individual lumbar motor pools was determined from data in Vanderhorst and Holstege (1997) and expressed as distance from ventral limit of spinal gray matter. The proximodistal position of cat hindlimb muscles was calculated from muscle origin and insertion point data in Burkholder and Nichols (2004) , assigning pelvis position as the origin.
Motor and Sensory Neuron Labeling
Ventral root fills were performed on P0-P7 mice. For retrograde tracing motor neurons, TMR-Dextran (Rh-Dex) was applied to ventral roots with overnight incubation in oxygenated ACSF before fixation. Motor neurons were retrogradely labeled in vivo by intramuscular injection of cholera toxin B subunit (CTB), CTB-Alexa 488 , or CTB-Alexa 555 or Rh-Dextran (Shneider et al., 2009) . Dorsal root fills were performed as described (Pecho-Vrieseling et al., 2009 ).
Quantification of Sensory Synaptic Contacts with Motor Neurons
Quantification of vGluT1 + sensory bouton contacts with P18-P21 motor neuron somata and 75 mm proximal dendritic arbor was performed using 0.5 mm confocal z scans of 30 to 60 mm thick sections. g-motor neurons were excluded from analysis. Motor neuron surface area was determined using Neurolucida. Synaptic bouton density was determined from 0.7 mm confocal images using a Zen tiling function (Zeiss). Images were analyzed with IMARIS software (Bitplane), and synapses marked using IMARIS Coloc, filtered for size using a SPOTS function. Coordinate position and density algorithms of labeled synapses were calculated in MATLAB. Data are represented as mean and ± standard deviation can be found in the Extended Experimental Procedures.
EMG Recordings
We performed EMG recordings during a swimming task that provides enhanced buoyancy in FoxP1 fl and FoxP1 MND mice (Movie S1) (Zagoraiou et al., 2009 ).
Quantitative Analysis of Motor Neuron Positioning
Motor neurons were labeled by muscle CTB injection, and their position assessed in 30-40 mm vibratome sections from FoxP1 fl and FoxP1 MND mice.
The summed pairwise Euclidean distance between CTB-labeled motor neurons was compared with a random distribution generated by 200 shuffled permutations of the location of the CTB-labeled neurons. Z scores indicate the number of standard deviations from the mean of the random distribution.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Extended Experimental Procedures, seven figures, and one movie and can be found with this article online at doi:10.1016/ j.cell.2011.10.012.
